MAP kinases phosphorylate specific groups of substrate proteins. Here we show that the amino acid sequence FXFP is an evolutionarily conserved docking site that mediates ERK MAP kinase binding to substrates in multiple protein families. FXFP and the D box, a different docking site, form a modular recognition system, as they can function independently or in combination. FXFP is specific for ERK, whereas the D box mediates binding to ERK and JNK MAP kinase, suggesting that the partially overlapping substrate specificities of ERK and JNK result from recognition of shared and unique docking sites. These findings enabled us to predict new ERK substrates and design peptide inhibitors of ERK that functioned in vitro and in vivo. Mitogen-activated protein (MAP) kinases are components of signaling cascades that regulate normal development and pathological processes such as oncogenesis. MAP kinases were identified during biochemical searches for serine/threonine-specific protein kinases stimulated by growth factors in vertebrate cells (for review, see Sturgill and Wu 1991) . MAP kinases were also identified in screens for mutations that affect intercellular signaling in yeast, worms, and flies (for review, see Ferrell 1996) . Together, these investigations revealed that MAP kinases function in many cell types, are regulated by a diverse group of extracellular stimuli, and mediate a wide variety of cellular responses. MAP kinases can be divided into subfamilies based on specific conserved residues, particularly a TXY motif in the activation loop (Ferrell 1996) . The three best-characterized subfamilies in vertebrates are named extracellular-regulated kinase (ERK), c-Jun amino-terminal kinase (JNK, also called stress-activated protein kinase), and p38. There are probably several additional vertebrate MAP kinase subfamilies, since Saccharomyces cerevisiae contains six different MAP kinases (Madhani and Fink 1998). Here we use the name MAP kinase to refer to all members of the family, and the names ERK, JNK, and p38 to refer to members of those subfamilies.
Mitogen-activated protein (MAP) kinases are components of signaling cascades that regulate normal development and pathological processes such as oncogenesis. MAP kinases were identified during biochemical searches for serine/threonine-specific protein kinases stimulated by growth factors in vertebrate cells (for review, see Sturgill and Wu 1991) . MAP kinases were also identified in screens for mutations that affect intercellular signaling in yeast, worms, and flies (for review, see Ferrell 1996) . Together, these investigations revealed that MAP kinases function in many cell types, are regulated by a diverse group of extracellular stimuli, and mediate a wide variety of cellular responses. MAP kinases can be divided into subfamilies based on specific conserved residues, particularly a TXY motif in the activation loop (Ferrell 1996) . The three best-characterized subfamilies in vertebrates are named extracellular-regulated kinase (ERK), c-Jun amino-terminal kinase (JNK, also called stress-activated protein kinase), and p38. There are probably several additional vertebrate MAP kinase subfamilies, since Saccharomyces cerevisiae contains six different MAP kinases (Madhani and Fink 1998) . Here we use the name MAP kinase to refer to all members of the family, and the names ERK, JNK, and p38 to refer to members of those subfamilies.
MAP kinases function in modules composed of three protein kinases (for review, see Marshall 1994) . MAP kinase kinase kinases, such as Raf-1, phosphorylate and thereby activate MAP kinase kinases, such as MEK (MAP kinase kinase or ERK kinase). MAP kinase kinases are serine/threonine and tyrosine-specific protein kinases that phosphorylate the TXY motif and thereby activate MAP kinases. In general, MAP kinases in different subfamilies are members of separate modules and are regulated by distinct extracellular stimuli (for review, see Whitmarsh and Davis 1996) . For example, ERK is activated strongly by receptor tyrosine kinases (RTK) such as the epidermal growth factor receptor, whereas JNK is activated strongly by stress stimuli such as ultraviolet light. Several of the signaling pathways leading from extracellular stimuli to the activation of a MAP kinase module are well defined, whereas others have yet to be characterized in detail. Whereas the upstream signaling events that regulate MAP kinases have been characterized extensively, considerably less is known about how MAP kinases regulate cell fates and contribute to the specificity of signaling pathways. Important questions that remain largely unanswered include: (1) How do MAP kinases recognize specific proteins as substrates? (2) What proteins are phosphorylated by a particular MAP kinase in different cell types and in different organisms? Answers to these questions will illuminate how the same MAP kinase mediates different cell fates in different developmental contexts and how MAP kinases from separate subfamilies mediate different cellular responses.
In the case of ERK, >50 different proteins have been reported to be substrates (for reviews, see Davis 1993; Karin 1995; Treisman 1996; Whitmarsh and Davis 1996; Madhani and Fink 1998) . These include signaling proteins likely to function upstream of ERK such as Son-ofsevenless (Sos) guanine nucleotide exchange factor and MEK; signaling proteins likely to function downstream of ERK such the protein kinase pp90 rsk ; transcription factors such as c-Fos, GATA-2, c-Myc, and ETS proteins including Elk-1, LIN-1, and Aop/Yan; and proteins involved in a wide variety of other processes. These findings suggest that ERK plays a central role in signal propagation and feedback regulation. Furthermore, ERK is a transition point between signaling proteins and regulators of differentiation, suggesting it makes an important contribution to the specificity of RTK-Ras-ERK signaling pathways. Although a large number of ERK substrates have been identified, the understanding of ERK function remains fragmentary, as ERK probably phosphorylates different substrates in different cell types and the cellular context of most substrates has yet to be defined. In addition, many ERK substrates probably have not been identified. Substrates of JNK have been characterized less extensively, but it is notable that they include proteins that are also phosphorylated by ERK, such as Elk-1, as well as unique substrates (for review, see Minden and Karin 1997) .
Little is known about how ERK recognizes such a diverse group of substrates. Although the structure of ERK was determined using X-ray crystallography (Zhang et al. 1994; Canagarajah et al. 1997) , this approach has not revealed how ERK interacts with substrate proteins, because the structure of ERK bound to a substrate has yet to be determined. Studies of residues in substrate proteins that are phosphorylated by ERK and assays of peptide substrates identified a serine or threonine followed by a proline (S/TP) as the minimal consensus sequence for phosphorylation by ERK (for review, see Davis 1993; Songyang et al. 1996) . In addition, a proline at position −2 is favorable, whereas a proline at position −1 is unfavorable (the phosphoacceptor S/T is position 0). However, this information is not sufficient to explain how ERK recognizes specific proteins as substrates, because many proteins that contain S/TP sequences are not phosphorylated by ERK. Studies of the interaction of JNK with its substrate c-Jun have identified a sequence positioned amino-terminal to the S/TP sites that is required for efficient phosphorylation (the ␦ domain) (Adler et al. 1992 (Adler et al. , 1994 Hibi et al. 1993; Kallunki et al. 1996) . This led to the hypothesis that a docking site on the substrate protein that is separate from the phosphorylation sites mediates the interaction with JNK (Karin 1995) . Other protein kinases, such as cyclin-cdk2, also appear to interact with a docking site on substrate proteins (Adams et al. 1996) . Although >50 proteins have been reported to be ERK substrates, only recently has one such docking site for ERK been identified (Yang et al. 1998a,b) . This docking site, a domain of Elk-1 called the D box, is similar in sequence to the ␦ domain of c-Jun, and these two domains are interchangeable functionally, suggesting that the ␦ domain/D box is a docking site for both ERK and JNK.
Here we describe the identification and characterization of a different docking site, the amino acid sequence FXFP, which mediates interactions with ERK but not JNK. These two docking sites define three classes of substrates: Proteins that contain only FXFP, only the ␦ domain/D box, or both. These findings suggest that a modular system of docking sites regulates interactions of the different MAP kinases with various substrates. In substrates that contain both docking sites, the sites function additively to create a high-affinity interaction with ERK. Thus, this system also modulates the affinity of substrates for ERK and may determine which residues are phosphorylated. We used this information to develop peptide inhibitors of ERK and identify new ERK substrates, including the kinase suppressor of ras (KSR) family of protein kinases.
Results

FQFP is necessary for high-affinity interactions between ERK and ETS proteins in the Elk subfamily
The Caenorhabidtis elegans LIN-1 protein contains an ETS DNA-binding domain and presumably regulates transcription (Beitel et al. 1995) . LIN-1 appears to be regulated directly by ERK, as LIN-1 is efficiently phosphorylated by Erk2 in vitro and lin-1 is regulated negatively by RTK-Ras-ERK pathways in vivo (Jacobs et al. 1998; Tan et al. 1998) . We identified and characterized six gain-of-function (gf) mutations that impair the ability of lin-1 to be regulated negatively by RTK-Ras-ERK pathways and disrupt vulval development (Jacobs et al. 1998 ). Each mutation alters or eliminates FQFP, a sequence located in the carboxy-terminal region of LIN-1, suggesting this motif is important for LIN-1 regulation (Fig. 1a) . We analyzed the sequences of other ETS proteins and found FQFP in vertebrate Elk-1, SAP-1a, and Net/ERP/SAP-2, highly related proteins that comprise the Elk subfamily of ETS proteins (Treisman 1994) . FQFP is positioned near the carboxyl terminus of a conserved region named the C box that contains multiple S/TP motifs that are phosphorylated by ERK ( Fig. 1a ; Marais et al. 1993; Price et al. 1995) . In addition, we found FQFHP in a comparable position of Drosophila Aop/Yan (Fig. 1a) . Aop/Yan also appears to be regulated directly by ERK (O'Neill et al. 1994 ). This combination of sequence and functional similarities led us to propose that LIN-1 and Aop/Yan are members of the Elk subfamily of ETS proteins (Jacobs et al. 1998) . Based on these observations, we hypothesized that FQFP is an evolutionarily conserved docking site that mediates ERK binding to these ETS proteins. According to this model, the lin-1(gf) mutations diminish phosphorylation of LIN-1 by ERK because they alter or eliminate FQFP, resulting in constitutively active LIN-1.
To test this hypothesis, we produced wild-type LIN-1 (residues 281-441), Elk-1 (residues 307-428), Aop/Yan (residues 480-732), or mutant proteins containing AAAP instead of FQFP in Escherichia coli. To minimize alterations of the overall protein structure, we did not mutate the proline. Proteins contained an amino-terminal glutathione S-transferase (GST) moiety to facilitate purification by affinity chromatography (Fig. 2) . Each protein was assayed as a substrate for purified, recombinant, murine Erk2. Increasing the concentration of substrate protein resulted in saturation of phosphorylation. These data were used to determine K m , a measure of the binding affinity of a substrate and an enzyme (Fig. 2d) . , human Elk-1 (g119291), human SAP-1a (DEF, residues 353-402; DEJL, residues 316-329; g730711), murine Net (DEF, residues 328-380; DEJL, residues 290-303; g3041683), and D. melanogaster Aop/Yan (g418341). The positions and types of defect caused by the six lin-1(gf) mutations are shown above (Jacobs et al. 1998) . n1790 and ky54 encode truncated proteins that terminate at residue 351. n1761 alters a splice site and probably results in ∼50 new amino acids following residue 379. n2515, n2525, and n1855 are missense mutations that change FQFP to FQFL or FQFS. (b) KSR protein kinases and A-raf: C. elegans KSR-1 (g1245976), murine Ksr-1 (g1171250), D. melanogaster Ksr (g1171240), and rat A-raf (g92443). (c) GATA transcription factors: murine GATA-2 (g2494682), human GATA-3 (g120962), and human GATA-4 (g1169845). (d) Dual-specificity protein phosphatases: human MAP kinase phosphatase-1 (MKP-1) (g1346900), Xenopus MKP (residues 298-345, g1050849), and human dual-specificity protein phosphatase-4 (DUS4, g2499745). (e,g) ERK-specific MAP kinase kinases include human MEK1 (g400274), C. elegans MEK-2 (residues 3-16; g2133469), D. melanogaster MEK (residues 1-12; g2499636), S. cerevisiae Ste7 (g134968), and Schizosaccharomyces pombe BYR1 (residues 1-15, g115194). JNK-specific MAP kinase kinases include human c-Jun amino-terminal kinase kinase 1 (JNKK1) (g1170596) and human JNKK2 (residues 23-34; g2558889). (f,g) c-Jun transcription factors: human c-Jun (g135298), chicken c-Jun (residues 26-40, g135295), and D. melanogaster Jun (residues 68-82; g135297). (g) Alignments of DEJLs, highly conserved positions are black. (h) The DEF consensus sequence based on 15 proteins (a-d). Two slightly different DEJL consensus sequences; the upper is based on eight DNA-binding proteins (g, left columns) and the lower is based on seven MAP kinase kinases (g, right column). Similar motifs in otherwise unrelated proteins might be descendants of a common ancestral motif that was dispersed during evolution by a mechanism such as exon shuffling, or they might be descendants of separate ancestral sequences and represent convergent evolution.
GST:LIN-1(281-441FQF) had a K m of 0.8 µM, which is fourfold lower than the 3.3 µM K m of myelin basic protein (MBP), a relatively good ERK substrate that is used frequently to assay ERK activity. By contrast, GST:LIN-1(281-441AAA) had a K m of 7 µM, which is ninefold higher than the K m for GST:LIN-1(281-441FQF). The relative acceptor ratio (V max / K m ) is an overall measure of the ability of a protein to function as a substrate. GST: LIN-1(281-441AAA) had a relative acceptor ratio that was 15-fold lower than the value for GST:LIN-1(281-441FQF). For Elk-1, changing FQF to AAA increased the K m threefold and decreased the relative acceptor ratio threefold (Fig. 2d) . For Aop/Yan, changing FQF to AAA increased the K m fourfold and decreased the relative acceptor ratio sixfold (Fig. 2d) . Thus, the FQF motif is necessary for high-affinity interactions between Erk2 and ETS proteins from worms, flies, and humans. However, the mutant proteins retained some ability to function as ERK substrates, suggesting other features of these proteins are also important for their interactions with ERK.
FQFP is sufficient to mediate high-affinity interactions with ERK
If FQFP is a docking site, then it might be sufficient to increase the affinity of other proteins and/or peptides for ERK. To test this prediction, we used an amino-terminal fragment of LIN-1 that lacks the C box (Fig. 3a) . Although it contains nine S/TP sequences, GST:LIN-1(1-278+ +) was an extremely poor substrate with a K m of 40 µM ( Fig. 3b-e) . Introducing one copy of FQFP at an interior or carboxy-terminal position reduced the K m to 4.8 µM and 6 µM, respectively ( Fig. 3b-e) . Introducing two copies of FQFP reduced the K m 29-fold to 1.4 µM ; this value is lower than the K m of MBP and similar to the K m of ETS proteins that are physiological ERK To determine V max , we calculated total phosphate incorporated using the measured CPM and the specific activity of the [ 32 P]ATP, and factored in the assay time and the amount of Erk2. Relative acceptor ratio (RAR) is V max / K m ; values were normalized by assigning a value of 1.0 to myelin basic protein (MBP). C. elegans KSR-1 contains FQFP beginning at position 309, eight residues upstream of CA4; to eliminate a potential redundant effect, we changed this FQF to AAA.
substrates (Fig. 2d) . Thus, FQFP is sufficient to increase the affinity of a protein for Erk2 dramatically. These motif insertions also resulted in a greater V max , so that the relative acceptor ratio of GST:LIN-1(1-270FQF FQF) was 290-fold higher than that of the starting fusion protein (Fig. 3e) .
To investigate whether FQFP was sufficient to increase the affinity of peptide substrates, we synthesized a series of pentadecapeptides based on the primary sequence of Elk-1 (residues 387-399). A peptide containing a PRSP phosphoacceptor sequence separated by four residues from FQFP had a K m of 130 µM ( Fig. 4a,d ; line 1). Changing FQFP to ATAP increased the K m 85-fold ( Fig.  4a,d ; line 6). Thus, FQFP is sufficient to increase the affinity of a peptide substrate for Erk2 dramatically.
We used this assay to investigate the contributions of individual residues. Changing FQFP to FAFP or FQFA increased the K m about twofold ( Fig. 4d ; lines 2,3), indicating that the glutamine and proline residues play a minor role in binding affinity. However, this proline may have a structural function that is more important in proteins than peptides, as missense mutations that alter this proline in LIN-1 cause a vulval defective phenotype in worms and changing this proline to leucine increases the K m of full-length LIN-1 by fourfold (Jacobs et al. 1998) . Changing FQFP to FQAP or AQFP increased the K m 21-fold and 40-fold, respectively ( Fig. 4d ; lines 4,5), indicating that both phenylalanines play a major role in binding affinity.
A proline at position −2 increases phosphorylation by ERK (Davis 1993) . In contrast to alterations of FQFP, which affected primarily K m , changing PRSP to ARSP did not change the K m significantly and reduced the V max sixfold ( Fig. 4d ; line 7). Therefore, this proline is not an important determinant of binding affinity, but rather it accelerates Erk2 catalysis.
Peptides containing FQFP inhibit ERK in vitro and in vivo
To investigate whether our findings could be used to develop ERK inhibitors, we measured the ability of peptides to inhibit Erk2 phosphorylation of MBP. A peptide containing PRSP separated by four residues from FQFP inhibited phosphorylation of MBP, and the concentration necessary to inhibit phosphorylation by 50% (IC 50 ) was 30 µM (Fig. 4b,c,d ; line 1). A control peptide containing the same amino acids in a random order had an IC 50 of 430 µM, a 14-fold increase, indicating that the residue order is essential for effective inhibition ( Fig. 4d; line 9) .
We used this assay to investigate the significance of individual residues. Changing FQFP to FAFP or FQFA did not affect inhibition significantly ( Fig. 4d; lines 2,3) . Changing FQFP to FQAP, AQFP, or ATAP increased the IC 50 two-, eight-, and sevenfold, respectively ( Fig. 4d ; lines 4-6). These results indicate that FQFP mediates binding of peptides to Erk2 and peptide binding inhibits Erk2 from phosphorylating a protein substrate. These findings are consistent with the experiments using peptides as substrates for Erk2, as they also suggest that the two phenylalanine residues are the most important determinants of binding. The SP acceptor site did not cause significant inhibition, because changing PRSP to PRAP or ARSP did not affect IC 50 significantly ( Fig. 4d; lines 7-8 ). These data demonstrate that FQFP-mediated binding to ERK does not require a phosphoacceptor site and support the model that FQFP is a docking site that interacts with an ERK binding pocket that is functionally distinguishable from the ERK active site.
To determine if pentadecapeptides containing FQFP can inhibit ERK in vivo, we assayed meiotic maturation of Xenopus oocytes. Treating immature oocytes with insulin activates the Ras-ERK pathway (Deshpande and Kung 1987; Korn et al. 1987; Nebreda et al. 1993) , which results in morphological changes such as germinal vesicle breakdown (GVBD) and biochemical changes such as the activation of cdc2 kinase ( Fig. 5 ; columns 1-2). We injected insulin-stimulated oocytes with a peptide containing FQFP (RRPRSPAKLSFQFPS) or a control peptide lacking FQFP (RRPRSPAKLSATAPS). The peptide containing FQFP reduced cdc2 kinase activity and the fraction of oocytes that displayed GVBD significantly, whereas the peptide lacking FQFP had no significant affect (Fig. 5; . To investigate further which step in this signaling pathway was inhibited by the peptide containing FQFP, we analyzed the degree of phosphorylation of ERK, an indirect measure of MEK activity. Extracts of oocytes injected with a peptide containing FQFP or a control peptide were analyzed by Western blotting using an antibody that recognizes phosphorylated ERK specifically. A similar amount of phosphorylated ERK was observed in both extracts, indicating that the peptide containing FQFP did not affect the activity of MEK or more upstream signaling events (data not shown). These results demonstrate that FQFP is sufficient to cause a peptide to function as an inhibitor of oocyte maturation. Furthermore, the peptide appeared to function at a step downstream of MEK and upstream of cdc2 kinase activation, consistent with the model that the peptide inhibited ERK activity.
FXFP can be used to identify candidate ERK substrates, including KSR proteins that are high-affinity ERK substrates
To investigate whether FQFP motifs mediate interactions between ERK and substrates besides ETS proteins in the Elk subfamily and whether FQFP can be used to predict ERK substrates, we analyzed the sequences of proteins involved in vulval induction and found that C. elegans KSR-1 contains FLFP. This motif is conserved in murine Ksr-1 (FSFP) and Drosophila Ksr (FNFP) (Fig. 1b) . These motifs are positioned at the carboxy-terminal end of conserved area 4 (CA4; Therrien et al. 1995) . These CA4 regions are characterized by one or more S/TP sequences and thus resemble the C boxes of ETS proteins in the Elk subfamily (Fig. 1a,b) .
To develop a systematic approach for identifying candidate ERK substrates, we defined a consensus sequence based on the C boxes of ETS proteins and the CA4 regions of KSR proteins (S/T-P-X (1-25) -S/T-P-X (1-25) -F-Q/ N/L/S-F-P) and designed a computer algorithm to search available databases for proteins with this consensus sequence. This search identified a relatively small number of proteins, including A-raf, GATA transcription factors, and dual-specificity protein phosphatases (Fig. 1b-d) .
To investigate the prediction that KSR proteins are ERK substrates, we generated in E. coli proteins containing an amino-terminal GST moiety and CA4-containing fragments of murine Ksr-1 (residues 383-519), C. elegans KSR-1 (residues 281-479), or Drosophila Ksr (residues 467-532) and assayed phosphorylation by Erk2 in vitro. All three proteins were phosphorylated efficiently by Erk2, indicating that the ability to function as an ERK substrate is an evolutionarily conserved property of KSR proteins (Fig. 2) . These fragments of KSR contain S/TP sequences in CA4 only, demonstrating that phosphorylation must occur in CA4. To explore the role of the FXFP motif, we generated mutant forms of murine Ksr-1, C. elegans KSR-1, or Drosophila Ksr that had AAA instead of FXF; these proteins had K m values that were 7-, 7-, and 50-fold higher, respectively, than the values for wild-type proteins (Fig. 2d) . Thus, the FXFP motif is necessary for high-affinity interactions between ERK and KSR proteins from three species.
The model that FXFP is a docking site that mediates binding to ERK predicts that the enzyme-substrate complex might be stable enough to detect using a nonenzymatic assay. To investigate this possibility, we mixed GST:mKsr-1 fusion proteins immobilized on glutathione-Sepharose with a lysate of NIH 3T3 cells that contained endogenous ERK, washed extensively to remove nonspecifically bound proteins, and visualized retained ERK on a Western blot with an anti-ERK1 polyclonal antibody. ERK bound the CA4 region of mKsr-1 but not the amino-terminal CA3 region or the carboxy-terminal CA5 region, indicating that the interaction was specific ( Fig. 6; lanes 1,3,4) . This interaction required the FXFP motif, because no interaction was detected between ERK and a mutant protein containing AAAP ( Fig. 6 ; lanes 2-3). These data are consistent with the model that ERK interacts with CA4 directly, but it is also possible that additional proteins mediated or facilitated this interaction. The in vitro phosphorylation experiments and these results together provide strong evidence for a direct and stable interaction between ERK and the CA4 region of KSR. (a) Each oocyte was evaluated for the appearance of a white spot on the animal pole 24 hr after injection, an indication of germinal vesicle breakdown (GVBD). The black and white columns are data from two separate experiments; each column represents the average of ∼60 oocytes. The fraction of oocytes that were stimulated to undergo GVBD was somewhat higher in the first experiment (black columns), a reflection of variability in batches of oocytes. However, in both experiments the FQFP peptide reduced GVBD ∼50% whereas the ATAP peptide had no significant effect. (b) To measure cdc2 kinase activity, we prepared extracts 24 hr after injection, partially purified cdc2 kinase using p13 suc beads, added the substrate protein histone H1 and [ 
FQFP and the D box function independently and additively as docking sites for ERK
The ETS proteins Elk-1, SAP-1a, and Net contain a conserved region called the D box that is characterized by the amino acid sequence LXL carboxy-terminal to a cluster of basic residues (Lopez et al. 1994) . We identified sequences similar to the D box in comparable positions of C. elegans LIN-1 and Drosophila Aop/Yan (Fig. 1a,g ). These observations support our hypothesis that LIN-1 and Aop are members of the Elk subfamily and indicate that the ancestral gene encoded a protein with an ETS domain, a D box, and a C box. The D box of Elk-1 was reported recently to function as a docking site for ERK and JNK (Yang et al. 1998a,b) . To investigate the relationship between the D box and the FQFP motif, we analyzed the ability of Erk2 to phosphorylate Elk-1 proteins with mutations that disrupt the D box, the FQFP motif, or both.
To disrupt the D box, we mutated the LEL sequence of Elk-1 to AEA; this change reduces the function of the D box as a docking site for ERK significantly (Yang et al. 1998b ). Wild-type GST:Elk-1(307-428) had a K m of 1.5 µM (Fig. 7a,b,e) . Changing FQFP to AAAP increased by 3-fold the K m of Elk-1 with a wild-type D box ( Fig. 7e ; lines 1,2) and by 12-fold the K m of Elk-1 with a mutant D box (Fig. 7e, lines 3,4) . Thus, FQFP mediated an interaction with ERK in the presence or absence of a D box. Changing LEL to AEA increased by 14-fold the K m of Elk-1 with wild-type FQFP ( Fig. 7e; lines 1,3) and by 50-fold the K m of Elk-1 with a mutant FQFP motif ( Fig. 7e;  lines 2,4) . Thus, the D box mediated an interaction with ERK in the presence or absence of FQFP. The double mutant protein had a K m of 260 µM, showing that the two sites in combination reduced the K m 170-fold. Together, these results indicate that the two docking sites function independently and additively.
FQFP does not mediate interactions with JNK MAP kinase
Elk-1 is a substrate for JNK (Minden and Karin 1997) . To investigate whether FQFP mediates interactions with JNK, we used purified, recombinant, rat JNK␤ and the wild-type and mutant forms of Elk-1 described above. Wild-type GST:Elk-1(307-428) had a K m of 5 µM (Fig.  7c-e) . Disrupting the D box of wild-type Elk-1 or Elk-1 with a mutation of FQFP increased the K m 22-fold and 32-fold, respectively ( Fig. 7e; lines 1,3 and 2,4) . These data are consistent with previous findings that the D box mediates interactions with JNK (Yang et al. 1998b) and show that the D box functions independently of FQFP. By contrast, disrupting the FQFP motif in either wildtype Elk-1 or Elk-1 with a mutation in the D box did not affect K m significantly ( Fig. 7e; lines 1,2 and 3,4) . These data indicate that FQFP does not mediate interactions with JNK.
These results suggest that a protein that contains FXFP but lacks a D box will not function as a highaffinity substrate for JNK. To test this prediction, we analyzed JNK␤ phosphorylation of Drosophila Ksr. GST: dKsr(467-532FNF) was a very poor substrate with a K m of 180 ± 20 µM (mean ± S.D. of two separate trials). GST: dKsr (467-532AAA) had a K m of 110 ± 10 µM. Thus, FXFP did not mediate an interaction between JNK and KSR.
Discussion
The results presented here lead to five major conclusions. First, FXFP is an evolutionarily conserved docking site that mediates high-affinity interactions between ERK and substrate proteins in at least two different protein families. Second, FXFP and the ␦ domain/D box, a different docking site, can function separately or together in substrate proteins to mediate binding to ERK. We refer to this as a modular system of docking sites. Third, the partially overlapping substrate specificities of ERK and JNK result from the ability of these enzymes to recognize shared and unique docking sites. Fourth, FXFP can be used to identify ERK substrates, such as KSR. Fifth, peptides containing FXFP can be used to inhibit ERK.
FXFP is a docking site for ERK
The evidence in support of this conclusion can be summarized as follows: (1) The Elk subfamily of ETS transcription factors includes some of the best documented physiological ERK substrates, since LIN-1, Aop/Yan, and Elk-1 were independently shown to be regulated directly by ERK in worms, flies, and vertebrates, respectively (O'Neill et al. 1994; Treisman 1994; Jacobs et al. 1998; Tan et al. 1998 ). The results presented here suggest that the KSR family of protein kinases are also physiological ERK substrates (described below). FXFP is evolutionarily conserved in both of these protein families, indicating that FXFP plays an important and perhaps similar role in these proteins. FXFP is positioned just carboxy-terminal to ERK phosphorylation sites in both of these protein families, consistent with it being involved in ERK phosphorylation. (2) FXFP was necessary for high-affinity interactions in vitro between ERK and C. elegans LIN-1 and KSR-1, Drosophila Aop/Yan and Ksr, and vertebrate Elk-1 and mKsr-1. The effects of mutating FXFP are not likely to be the result of nonspecific alterations of protein structure, because we observed a similar effect in all six proteins and mutating FXFP did not diminish phosphorylation of Elk-1 by JNK. (3) The addition of FXFP is sufficient to increase the affinity of protein and peptide substrates for ERK dramatically in vitro and to increase the efficacy of peptide inhibitors of ERK in vitro. Importantly, these peptide inhibitors do not require an S/TP site, demonstrating that FQFP-mediated binding to ERK can occur independently of S/TP-mediated binding to the active site of ERK. (4) Two different experiments suggest FXFP mediates interactions with ERK in vivo: Mutations that alter or eliminate FQFP cause C. elegans lin-1 to be unresponsive to RTK-Ras-ERK-mediated signaling in worms (Jacobs et al. 1998) ; peptides containing FXFP interfere with RTK-Ras-ERK-mediated signaling during Xenopus oocyte maturation. (5) Based on the six ETS and KSR proteins that were demonstrated to have a motif that mediates binding to ERK, we defined a consensus sequence: F-X-F-P (Fig. 1h) . This consensus sequence is consistent with our findings that peptide substrates and inhibitors required both phenylalanine residues for high-affinity binding, whereas the residue in between was less significant. We speculate that ERK has a binding pocket that interacts with these bulky, hydrophobic residues. Additional experiments are necessary to define further the effect of particular residues at each position. We propose that this motif be named DEF (docking site for ERK, FXFP).
This conclusion is significant because it reveals a fundamental mechanism that enables ERK to interact with substrate proteins. This appears to be an ancient mechanism of substrate recognition, as it has been conserved during the evolution of worms, flies, and vertebrates. The demonstration that FXFP mediates interactions between ERK and two different protein families, and the finding that FXFP is present in additional demonstrated and candidate ERK substrates (described below), suggest that many different ERK substrates may share the same FXFP docking site.
Multiple docking sites on ERK substrate proteins form a modular recognition system
The ␦ domain of c-Jun is a docking site for JNK (Karin 1995) . Yang et al. (1998a,b) extended the analysis of this motif by showing that the D box of Elk-1 and the ␦ domain have a similar sequence, are functionally interchangeable, and function as docking sites for both ERK and JNK. ERK-specific MAP kinase kinases are substrates for ERK (Matsuda et al. 1993) , and the aminoterminal region of the ERK-specific MAP kinase kinase of S. cerevisiae, Ste7, mediates an interaction with ERK . noted that the amino termini of many ERK-specific MAP kinase kinases contain an evolutionarily conserved sequence that was proposed to mediate interactions with ERK and named a docking site. We noted that the sequence of the docking site is similar to the sequence of ␦ domain and the D box, as all three motifs are characterized by a cluster of basic residues amino-terminal to an L/I-X-L/I motif (Fig. 1g) . Furthermore, we found a similar motif in a comparable position of JNK-specific MAP kinase kinases (Fig. 1e,g ), consistent with the possibility that this motif interacts with JNK and ERK. We propose that the ␦ domain, D box, and docking site are versions of the same motif, and this motif functions as a docking site for ERK and JNK. Figure 1h shows two slightly different consensus motifs defined by these sequences. We propose that this motif be named DEJL (docking site for ERK and JNK, LXL). Our goal is to initiate a systematic and informative nomenclature for MAP kinase docking sites that can be used to name additional motifs described in the future.
Two types of evidence support the model that the DEF and DEJL form a modular system that mediates recognition by ERK (Fig. 8) . First is our analysis of Elk-1. A mutant Elk-1 protein lacking both motifs did not interact with ERK significantly. Restoring the DEF or DEJL decreased the K m 12-and 50-fold, respectively, showing that these motifs can mediate interactions with ERK independently. Restoring both sequences decreased the K m 170-fold, showing that in combination these motifs function additively rather than redundantly or synergistically. These findings, together with the observation that the sequences of the DEF and DEJL are not similar, suggest that the DEF and DEJL may interact with separate binding pockets of ERK. If ERK has separate binding pockets, then ERK may be capable of simultaneously interacting with the DEF and DEJL. However, the results presented here do not test this possibility.
Second, we analyzed the sequences of many proteins reported to be ERK substrates to determine if they contained a candidate DEF or DEJL. This analysis revealed four classes of substrate proteins (Fig. 8) . Class I sub-strates contain both a DEF and DEJL. Examples include the Elk subfamily of ETS proteins (Fig. 1a) and S. cerevisiae Dig1 (K 97 RGRVPAPLNL; F 412 EFP; g1171410), a protein identified based on its ability to bind ERK in a twohybrid experiment . In these proteins, the DEJL is amino-terminal to the DEF. Class II substrates contain only a DEF. Examples include GATA-2 (Fig. 1c) and rat c-Fos (F 272 LFP; g120473). Class III substrates contain only a DEJL. Examples include MAP kinase kinases (Fig. 1e,g ) and c-Jun (Fig. 1f,g ). Class IV substrates contain neither a DEF or DEJL. Examples include c-Myc, Sos, and pp90 rsk . The existence of this class of reported substrates raises the possibility that ERK interacts with one or more yet-to-be-defined docking sites. Alternatively, these proteins may contain divergent DEF or DEJL motifs that do not match our current consensus sequences or they may not be physiological ERK substrates.
The conclusion that ERK uses a modular system of docking sites to recognize substrates is significant because it illuminates how ERK can appropriately phosphorylate such a wide spectrum of substrates. A modular recognition system offers several potential advantages. First, the number and arrangement of docking sites may modulate substrate affinity. Our analysis of Elk-1 supports this possibility. Furthermore, ETS proteins that contain a DEJL and a DEF had consistently higher affinities for ERK than KSR proteins that contain only a DEF (Fig. 2d) . High affinity for ERK may be appropriate for substrates that are low in concentration or localized far from the site of ERK activation, such as transcription factors localized in the nucleus, whereas lower affinity may be appropriate for substrates that are high in concentration or localized at the plasma membrane close to the site of ERK activation, such as KSR, which is membrane localized (Xing et al. 1997) . Second, the position of docking sites may determine which S/TP sites are phosphorylated. MAP kinases phosphorylate particular sites preferentially in substrates with multiple S/TP sequences. For example, positions 363, 368, 383, and 389 are preferred phosphorylation sites for ERK in Elk-1 (Marais et al. 1993) . These sites in Elk-1 are the closest S/TP sequences amino-terminal to FQFP (Fig. 1a) . The S/TP sites phosphorylated in KSR are also amino-terminal to FQFP. For proteins with multiple S/TP sequences, a combination of the position of S/TP sites relative to docking sites and residues such as proline immediately amino-terminal to S/TP sites may determine the order of phosphate addition and the stoichiometry of phosphorylation of different sites. Consistent with this possibility, the docking site of c-Jun appears to direct phosphorylation of particular S/TP sites (Kallunki et al. 1996) . Third, a modular system may have made it easier for ERK to begin phosphorylating new substrates during evolution, as every substrate is not constrained to evolve the same docking site. By enabling ERK to phosphorylate many different proteins, this system probably contributed to the ability of ERK to mediate many different signals in many different cell types.
Although many enzymes act on multiple protein substrates, in most cases the features of the different substrates that mediate recognition are not well defined. One well-characterized case is UDP-GlcNAc:lysosomal enzyme N-acetylglucosamine 1-phosphotransferase, which catalyzes the transfer of N-acetylglucosamine-1-P to mannose residues in the oligosacccharides of many different lysosomal enzymes. In this case recognition does not appear to be mediated by a modular system, but instead is mediated by a lysine-rich epitope that appears to be similar in each substrate (for review, see Cuozzo et al. 1998 ). This epitope is separate from the oligosaccharides that are modified, and the lysines are not contiguous in the primary protein sequence but instead are juxtaposed by protein folding.
Partially overlapping substrate specificities of ERK and JNK result from recognition of shared and unique docking sites
This is illustrated by the model shown in Figure 8 . We propose that ERK has two binding pockets, one for DEJL and one for DEF, whereas JNK has a binding pocket for DEJL but not for DEF. Because ERK and JNK are homologous, the binding pocket that interacts with DEJL may be similar in both enzymes. Kallunki et al. (1994) proposed that the region of JNK that interacts with the DEJL of c-Jun is a small ␤-strand-like region near the catalytic pocket. Both kinases can interact with proteins that contain a DEJL and a DEF or only a DEJL, but only ERK can interact with proteins that contain only a DEF, such as KSR. We speculate that JNK phosphorylates unique substrates by recognizing one or more docking sites that do not bind ERK. Furthermore, other MAP kinases such as p38 may also employ a modular system that includes shared and unique docking sites to interact with substrate proteins.
A DEF can be used to identify ERK substrates, such as KSR
Using visual and computer searches, we identified an evolutionarily conserved DEF positioned carboxy-terminal to multiple S/TP sites in several protein families including KSR, A-raf, GATA transcription factors, and dual-specificity protein phosphatases. To test the prediction that these proteins are ERK substrates, we focused on KSR. The model that KSR is a physiological substrate for ERK makes the following predictions: (1) KSR can be phosphorylated by ERK in vitro; (2) KSR phosphorylation correlates with ERK activity in vivo; (3) phosphorylation by ERK affects KSR function; and (4) KSR functions in an ERK-mediated process. The results presented here confirm the first prediction; KSR proteins from worms, flies, and vertebrates were high-affinity substrates for ERK, and the DEF was necessary for these high-affinity interactions. These findings are consistent with the observation that the amino-terminal region of mKsr-1 can interact with ERK-2 (Yu et al. 1997) . The fourth prediction has been demonstrated previously, as KSR positively mediates RTK-Ras-ERK signaling in worms, flies and vertebrates (Kornfeld et al. 1995; Sundaram and Han 1995; Therrien et al. 1995; Xing et al. 1997) . Although two predictions remain to be tested, these findings suggest that KSR is a physiological ERK substrate.
A-raf has two S/TP sites and FSFP positioned aminoterminal to the kinase domain (Fig. 1b) . B-raf and Raf-1, two other vertebrate Raf proteins (for review, see Storm et al. 1990 ), do not appear to contain this domain. All Raf proteins share two regions of significant similarity with KSR proteins: The conserved region 1 (CR1) of Raf is similar to the CA3 region of KSR, and the kinase domain of Raf (CR3) is similar to the kinase domain of KSR (CA5) (Therrien et al. 1995) . Interestingly, the FXFP motif of A-raf is in a comparable position to the CA4 region of KSR (Fig. 1b) , suggesting that the common ancestral gene of Raf and KSR probably contained a CA4 region. Thus, A-raf and KSR may share a function (regulation by ERK) that is not shared by B-raf and Raf-1.
The GATA family of transcription factors regulates the development of multiple vertebrate tissues, such as hematopoeitic cells and the heart (for review, see Weiss and Orkin 1995; Evans 1997) . Of the six characterized GATA subfamilies, GATA-2, GATA-3, and GATA-4 have multiple S/TP sites and an FXFP motif positioned in a region implicated in transcriptional regulation (Fig.  1c) . GATA-1, GATA-5, and GATA-6 do not appear to contain this motif. Interestingly, GATA-2 has been reported to be a substrate for ERK (Towatari et al. 1995) .
We predict that GATA-3 and GATA-4 are also ERK substrates.
Dual specificity protein phosphatases can dephosphorylate both threonine and tyrosine residues. These enzymes appear to be physiological regulators of MAP kinases (for review, see Byon et al. 1997) . MAP kinase phosphatase-1 (MKP-1) and dual-specificity protein phosphatase 4 (DUS4) contain multiple S/TP sites and FXFP at a similar position in the phosphatase domain (Fig. 1d) . These findings suggest that FXFP may mediate an interaction between these phosphatases and ERK, which might facilitate phosphorylation of these phosphatases by ERK, dephosphorylation of ERK by these phosphatases, or both.
Three general approaches have been used previously to identify MAP kinase substrates. First, candidate substrates like Elk-1 have been identified based on circumstantial evidence such as involvement in a MAP kinasemediated process or regulated phosphorylation (Treisman 1994) . Second, biochemical purification of a kinase activity that can phosphorylate a particular protein, such as c-Jun, has resulted in the identification of MAP kinases, such as JNK (Karin 1995) . Third, candidate substrates have been identified based on the ability to bind ERK, such as Dig1 . The identification of S/TP as a minimal consensus sequence for ERK phosphorylation was not sufficient to reliably predict ERK substrates, because ∼90% of all proteins contain one or more S/TP sequences (data not shown). A DEF is much less prevalent, and our findings demonstrate that combining these two motifs produces a relatively selective algorithm that can identify new ERK substrates. This is significant because an understanding of how ERK activity controls cell fates requires the identification of all ERK substrates, and it is likely that many ERK substrates have yet to be identified. Refinements of our search algorithm and the expansion of protein databases in the future should make it possible to identify many additional candidate substrates using this approach.
Peptide inhibitors of ERK
Peptides containing FQFP inhibited ERK activity in vitro. These peptides are likely to bind the enzyme and prevent protein substrates from docking. Furthermore, injecting these peptides into Xenopus oocytes reduced meiotic maturation and cdc2 kinase activity, events that are mediated by a RTK-Ras-ERK signaling pathway. These results are significant because specific ERK inhibitors are not available currently and many human tumors have constitutively active versions of proteins in the RTK-Ras-ERK pathway (Cantley et al. 1991) . A specific ERK inhibitor might reduce such constitutive signaling activity and have clinical applications. Inhibiting ERK by targeting a substrate-docking site is an appealing strategy, as it is likely to be more specific than targeting the highly conserved active site. Furthermore, as multiple docking sites mediate substrate binding to ERK, it might be possible to inhibit phosphorylation of a subset of ERK substrates by targeting a particular docking site.
Materials and methods
Protein production and MAP kinase assays
Expression plasmids were derived from cloned cDNAs and pGEX vectors (Pharmacia) and modified by in vitro mutagenesis using standard techniques (Sambrook et al. 1989 ). Proteins were expressed in E. coli BL21, partially purified using glutathioneSepharose (Pharmacia) essentially according to the manufacturer's instructions, and dialyzed into kinase assay buffer. The amount of intact protein was estimated by comparison to known amounts of purified bovine serum albumin present in adjacent lanes of Coomassie blue-stained SDS-PAGE gels. Purified MBP was from GIBCO-BRL. Peptides were synthesized using standard 9-fluorenylmethoxycarbonyl chemistry and purified using HPLC by the Tufts Core Facility (Boston, MA).
Purified, recombinant, murine Erk2 (New England Biolabs) is fully active, because it is produced in E. coli containing constitutively active MEK. Assays were done according to Alessi et al. (1995) . A 50-µl reaction contained 100 µM [ 32 P]ATP (0.15 Ci/ mmole) and 0.05 pmole Erk2 and was terminated after 15 min at 30°C, at which point 32 P incorporation was linear with respect to time. Purified, recombinant, rat JNK␤ (Stratagene) is partially active as a result of autophosphorylation. Assays were done as described for Erk2 except that [ 32 P]ATP was 0.6 Ci/ mmole. For each protein, we used SDS-PAGE and autoradiography to establish that intact fusion protein contained most or all of the incorporated 32 P. To quantify phosphorylation, we measured radioactive protein bound to phosphocellulose paper (P81, Whatman) using a scintillation counter.
Oocyte microinjection
Stage VI fully grown immature oocytes were obtained from mature Xenopus laevis females and maintained in 1× modified Barth's solution with HEPES, 1 mg/ml Ficoll 400, 1 mg/ml bovine serum albumin, and antibiotics (Muslin et al. 1993) . Each oocyte was injected with 25-50 nl of water alone or 10 mM peptide dissolved in water and incubated at 19°C for 24 hr in the presence or absence of 8.25 µg/ml insulin. Using an estimate of 10 µl for the volume of an average oocyte, we calculate that the initial peptide concentration in the oocyte was ∼50 µM. GVBD was defined as the presence of a broad white spot on the animal pole of the oocyte. Oocytes were pooled and lysed as described by Muslin et al. (1993) and cdc2 kinase was assayed as described by Xing et al. (1997) .
Binding assay
NIH 3T3 cells were grown in DMEM + 10% calf serum to ∼80% confluence and lysed using NP-40 lysis buffer (Xing et al. 1997) . Following low-speed centrifugation, cell extracts were incubated for 1 hr at 4°C with ∼2 µg of GST:mKsr-1 fusion protein immobilized on glutathione-Sepharose and washed three times with NP-40 lysis buffer for 10 sec at 4°C. Samples of beads were boiled in SDS buffer, fractionated by SDS-PAGE, and transferred to a nitrocellulose membrane. Western blots were treated with rabbit, polyclonal, anti-ERK1, IgG antibody (C-16, Santa Cruz), anti-rabbit, secondary antibody conjugated to alkaline phosphatase (Santa Cruz) and NBT/BCIP reagent (Promega).
